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Abstract. Through the observations and the analysis of maser polarization it is possible to mea-
sure the magnetic �eld in several astrophysical environmen ts (e.g., star-forming regions, evolved
stars). In particular from the linearly and circularly pola rized emissions we can determine the
orientation and the strength of the magnetic �eld, respecti vely. In these proceedings the impli-
cations, on observed data, of the new estimation of the Land�e g-factors for the CH3OH maser
are presented. Furthermore, some example of the most recentresults achieved in observing the
polarized maser emission from several maser species will also be reported.
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1. Introduction
Measuring magnetic �elds in the proximity of astrophysical objects, like massive young

stellar objects (YSOs) or evolved stars, has always been a strongdesire. This tough
challenge bothered the astronomers till few decades ago when thefoundations of maser
polarization theory were strengthened (e.g., Nedoluha & Watson 1992). Through interfer-
ometric observations and the analysis of the polarized emission of masers it is nowadays
possible both to derive the morphology and to determine the strength of magnetic �eld
at milliarcsecond resolution, which translates for close-by objectsin astronomical unit
(au) scale.

The main maser species for which the polarized emission is commonly detected are OH,
CH3OH, SiO, and H2O masers. OH is a paramagnetic molecule, i.e. the molecule has a
magnetic permeability greater or equal to unity, and the splitting (� VZ ) due to the Zee-
man e�ect of its masering emission lines is larger than the linewidth (� vL ) of the maser
lines themselves. The behavior of non-paramagnetic molecules (CH3OH, SiO, and H2O)
is much less pronounced, i.e. �VZ< � vL . This implies that from the OH maser emissions
the direct measurement of the Zeeman-splitting, and consequently of the magnetic �eld
strength (B ), is straightforward while for the other three maser species it requires a more
detailed analysis. The maser emission lines arise under di�erent physical conditions (e.g.,
temperatures and densities) and consequently they trace the magnetic �elds in di�erent
regions of the same astronomical object. The observations and analysis of all the four
maser species are therefore fundamental.

In 1992 Nedoluha & Watson developed a full radiative transfer model for the polarized
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emission of 22-GHz H2O maser. The transfer equations of this model are solved in the
presence of a magnetic �eld that causes �VZ< � vL , and under the following conditions:

� the Zeeman frequency shiftg
, where g is the Land�e g-factor and 
 = eB=mec, is
much larger than the rate of stimulated emissionR;

� the Zeeman frequency shift is much larger than the decay rate � and the cross-
relaxation between the magnetic substates �� .

Therefore the model is valid only for unsaturated H2O masers. Although the model was
developed for the 22-GHz H2O maser, this is valid for all the non-paramagnetic maser
species that meet the above conditions. This is the case both for the CH3OH maser
emissions (Vlemmings et al. 2010) and for the SiO maser emissions (Per�ez-S�anchez &
Vlemmings 2013). However, for the SiO masers it is necessary to include the anisotropic
pumping mechanism that is not considered in Nedoluha & Watson's model.

2. CH 3OH maser
CH3OH maser emission is divided into two classes: Class I (e.g., rest frequency =

36 GHz, 44 GHz) and Class II (e.g., 6.7 GHz, 12.2 GHz). All the maser lines originate
from torsion-rotation transitions and only recently an accurate model of their hyper�ne
structure has been calculated (Lankhaar et al. 2016). The modelshows that each single
CH3OH maser emission is composed of several hyper�ne transitions (> 8) which are
not spectrally resolved due to the typical \poor" spectral resolution of the observations
(& 2 kHz). Indeed the frequency separations of the hyper�ne transitions of a maser
emission are of the order of few kHz (Tables I-XIV of Lankhaar et al. 2016). Actually,
it is still unknown how much a hyper�ne transition contributes to its m aser emission,
therefore a detailed pumping model is absolutely fundamental to resolve this issue.

In addition, Lankhaar et al. (2017) investigated the split of the hyper�ne transitions
when the CH3OH molecule is immersed in a magnetic �eld, providing the Land�e g-factor
for all the transitions. Although the main results obtained from Lan khaar et al. can be
read in this book, we just underline here that the g-factors varieswith the magnetic �eld
strength and they can be considered constant forB . 50 mG.

The Full Radiative Transfer Method Code .
In 2010 we adapted the Full Radiative Transfer Method (FRTM) code, developed by

Vlemmings et al. (2006) for the H2O maser and based on the model of Nedoluha & Watson
(1992), for modeling the polarized emission of the 6.7-GHz CH3OH maser. In the FRTM
code the 6.7 GHz maser emission was assumed to be composed of only one transition (no
hyper�ne structure was considered), and later the assumed g-factor value was found to be
innacurate (Vlemmings et sl. 2011). Note that the fact that the g-factor and the hyper�ne
structure are unknown does not inuence the analysis of the linearly polarized emission,
from which is possible to determine the emerging brightness temperature (Tb �
) and
the intrinsic thermal linewidth (� Vi ) of the maser line, and the � angle (the angle be-
tween B and the maser propagation direction). On the contrary, the measurement of the
Zeeman-splitting and the estimates of the magnetic �eld strength strongly depend on
both the hyper�ne structure and the g-factors. For this reason no magnetic �eld strength
measured from the circularly polarized emission of CH3OH maser has been provided
(e.g., Surcis et al. 2015). Thanks to the work of Lankhaar et al. (2017) we were able to
modify the FRTM code in order to model properly not only the polarized emission of the
6.7 GHz CH3OH maser, but the polarized emission of all the torsion-rotation transitions.
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We assumed that eight hyper�ne transitions contribute equally to each CH3OH maser
emission (see Lankhaar et al. in this book), with the g-factors and Einstein coe�cients
as tabled in Lankhaar et al. (2017). We also assumed thatB = 10 mG and that the
temperature of the incoming radiation is 25 K. Furthermore, we have implemented a
new subroutine for calculating the Clebsch-Gordan coe�cients.

Theoretical results .
We have run the code, so far, for three of the CH3OH maser emissions: 6.7 GHz, 36

GHz, and 44 GHz. Part of the results are plotted in Fig. 1. We run the code considering
a linewidth of the maser (� vL ) of 0.2 km s� 1 and an intrinsic thermal linewidth (� Vi )
of 1.0 km s� 1.

For the 6.7-GHz maser transition (Class II) the rebroadening of the maser line, i.e. when
the maser is entering the saturation state, happens whenTb �
 = 10 9 � 1010 K sr and
consequently the expected linear polarization fraction for unsaturated maser is PL . 5%.
If we assume that there exists one hyper�ne transition dominating the maser emission,
for instance that one with the largest Einstein coe�cient for stimula ted emission (A;
Lankhaar et al. this book), we obtain similar results for PL but the expected circular
polarization fraction (P V ) increases considerably. The upper limit changes from PV <
0:2% to PV < 0:7%, the letter matching the observations.

For the 36-GHz and 44-GHz maser transitions (Class I) the rebroadening is observed
at lower brightness temperature than for the 6.7-GHz transition. The model predicts
that this happens for Tb �
 = 5 � 107 � 5 � 108 K sr and Tb �
 = 10 7 � 108 K sr for
the 36-GHz and the 44-GHz, respectively. Consequently for unsaturated masers we have
P36GHz

L . 7% and P44GHz
L . 4%. The upper limit of PV increases, for both 36-GHz and

44-GHz maser emission, from a fraction ofper thousands to fraction of percent if the
hyper�ne transition with the largest A coe�cient is considered.

The Flux-Limited sample.
Since 2008 we have observed 30 massive star-forming regions to detect the polarized

emission of 6.7-GHz CH3OH masers (the so-called Flux-Limited sample), 25 of which
have been already analyzed and partially published (e.g., Surcis et al. 2015 and references
therein). Most of the maser features were modeled by using the oldFRTM code and so
at the time of the pubblications no magnetic �eld strength was estimated due to the
uncertainty of the g-factor. Thus we modeled again the maser features by using the new
version of the code described above and for which the hyper�ne transition F = 3 �! 4
is assumed to dominate the maser emission (see Lankhaar et al. this book). We found
that the obtained values of Tb �
, � Vi , and � are the same within 1% to the previously
measured ones and that the magnetic �eld strength ranges between 1 mG and 15 mG.
Only in the case of NGC 7538 the magnetic �eld is particularly strong, B . 50 mG,
needing a closer investigation with further observations.

3. SiO maser - the case of VY CMa
Since the last maser symposium in Stellenbosch (South Africa) several results have been

achieved in observing the polarized emission of SiO masers (e.g., Assafet al. 2013, Richter
et al. 2016). One of the most recent results is the detection of thepolarized emission of
the SiO masers for the �rst time with the Atacama Large Millimeter/su bmillimeter Array
(ALMA) around the red supergiant VY CMa (Vlemmings et al. 2017). U sing Band 5 of
ALMA they detected varying levels of PL for 28SiO (J=4-3, � =0,1,2) and 29SiO (J=4-
3, � =0,1) maser lines (rest frequency� 170 GHz). In particular they observed a clear
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